In the standard model of amorphous materials, low-temperature dielectric and elastic properties are described by a distribution of tunneling two-level systems (TLS). [1, 2] Although this model has been known for decades, the microscopic nature of these tunneling states is generally unknown and only in rare circumstances are elastic or electrical properties correlated with specific impurities.
There is renewed interest in these defects [3] because they have been found to decrease the quantum coherence in superconducting qubits [4] and increase the noise in astronomical photon detectors. [5, 6] Work to decrease the deleterious effects of TLS in devices has yielded new Josephson junction barrier dielectrics, [7] high-Q crystalline capacitors, [8] and methods to reduce the need for dielectrics. [9, 10] Atomic layer deposited (ALD) films allow unprecedented control over material thickness and in the future may allow for high quality
Josephson junction barriers and thin-film capacitors for qubits. [11, 12] To better understand TLS in amorphous and crystalline oxides we measure three different ALD-grown film types: c − BeO, [13] is a prevalent thermally grown Josephson junction barrier for qubits, BeO and LaAlO 3 are also candidate barriers for Josephson junctions made with ALD. The c − BeO film is grown on high-resistivity silicon and the amorphous films were grown on sapphire. Coplanar strip aluminum resonators [16] at 6.4 GHz were fabricated on top of the films by sputter deposition followed by wet etching. As with previous measurements, [17] we extract the internal quality factor (Q i ) and the voltage amplitude of the resonance using a transmission measurement.
The devices are mounted on the mixing chamber of a dilution refrigerator and are measured at 34-80 mK. The input microwave line has 20 dB of attenuation at the mixing chamber and 1.5 K stage such that the resonator is excited with less than a single photon of noise.
The output microwave line has 36 dB and 18 dB of isolation at the mixing chamber and the 1.5 K stage, respectively, and isolates the resonator from noise on the line at 4K created at the input of a HEMT amplifier. Figure 1 shows a plot of the inverse quality factor of the coplanar strip resonators on three different films taken at 35 mK as a function of the maximum RMS voltage across the coplanar strip electrodes. This would correspond to the loss tangent of the films as a function of the electric field, E( r) if the electric field energy were uniform and entirely within the lossy dielectric as with a parallel-plate capacitor resonator. However, to find the loss tangent of the films in these devices, we assume the functional form for TLS loss in amorphous films [2] 
and generate the field distribution E( r) using a COMSOL field simulation. Then we use tan δ 0 and E c as fit parameters to match 1/Q i in the simulation to the data (cf. Sandberg et al. [18] ). The intrinsic loss tangent is tan δ 0 = P 0 p 2 /3ǫ, where p is the TLS dipole moment and P 0 is a materials constant defined by the TLS density d 2 n = P 0 d∆d∆ 0 /∆ 0 , where ∆ and ∆ 0 are the asymmetry energy and tunneling rate, respectively, in the standard model. [1, 2] For the two amorphous films, a single power-dependent loss term representing the film thickness was insufficient to fit Q i and a second surface-loss mechanism was added and will be justified with impurity analysis below. The thickness of the lossy material at the surface is assumed to be 5 nm for the purposes of loss tangent analysis. The fit parameters for the curves of Fig. 1 are shown in Table I . We find that the dominant loss occurs in the bulk of the crystalline film and the surface of the amorphous films. A relatively small loss term was also included in the fit and labeled as the floor in Table I . This power-independent loss is similar to the loss found in our reference resonators without the ALD dielectric, and is caused by an extrinsic effect unrelated to TLS loss such as the excitation of quasiparticles in the superconductor by infrared radiation. [19] The high thermal conductivity at low temperature [20] and the low loss tangent near room temperature [21] of crystalline BeO suggests that it [13] types. Fits (solid curves) are performed using the loss expression for amorphous oxides (Eq. 1) with the parameters from Table I. and identified than in amorphous materials, which have generally unknown TLS structures.
As seen in Table I , a − LaAlO 3 shows a bulk loss tangent that is approximately equal to a − Al 2 O 3 , suggesting that the TLS are related. The bulk loss of a − Al 2 O 3 is a factor of 2.3 lower than previous loss measurements of thermally grown a − Al 2 O 3 . [4] While the nanostructure of these TLS has never been determined, it is believed that excess hydrogen can lead to rotating OH bonds that act as tunneling TLS in a − SiO 2 , [23] and a − Al 2 O 3 . [24] Hydrogen defects are also believed to limit room temperature electrical
[25] Secondary ion mass spectrometry (SIMS) measurements were performed on these films to determine the impurities present that could act as TLS defects. The hydrogen concentration is plotted for all three film types as a function of film depth in Fig. 2 , and shows that there is an 8 times greater concentration in the bulk of the c − BeO film than in the amorphous films. In the BeO films the hydrogen is almost uniformly distributed throughout the bulk of the film (although some H diffuses into the Si substrate) which explains why only a bulk loss term is required in the fitting of this film. In contrast, the amorphous films have a large peak in hydrogen concentration at the surface, exposed surface. To verify that the a − Al 2 O 3 loss tangent is dominated by surface defects, we measured two films that are nominally identical in every way except for their thicknesses (48 and 90 nm). Figure 3(a) shows the inverse Q i measurement of the resonators on two identical films with differing thicknesses measured at 34 mK. If the TLS were uniformly distributed in the dielectric, then the Q i of the resonator would differ by a factor of 1.7, the difference in electrical energy stored in the film. Instead, the quality factor of the resonators matches to within 15% at the low-voltage limit, confirming that the loss is primarily at the surface. We therefore believe that the development of in-situ deposition of dielectrics within MIM trilayer structures would greatly reduce dielectric loss. [11] In addition there is a possibility of growing ALD dielectrics without H-containing precursors.
One of the most common impurities in ALD films is carbon due to incomplete reaction of the organometallic precursors, in this case trimethylaluminum. We performed SIMS measurements for both carbon and hydrogen of a − Al 2 O 3 films grown in separate ALD chambers but with the same precursors. Figure 4 shows the integration of hydrogen and carbon impurities over the thickness of the films. The Lab 1 film has a much higher (40 times greater) carbon defect concentration than that of Lab 2. We measured resonators on these films and found them to have very similar Q i 's, indicating that carbon plays a negligible role in the TLS loss. From Fig. 4 we see that hydrogen is a much more viable TLS candidate.
To quantitatively analyze H and C impurities as TLS candidates we assume that the loss tangent,
is proportional to the impurity concentration C x ( r) of species x, where K x is a TLS-loss proportionality constant. The low-voltage-amplitude internal quality factor of the film is then 1
related to K x by the average impurity concentration C x = f ilm dF = 1 for a device with a single dielectric and W x = 1 for a uniform impurity distribution.
In Fig. 3(b) we plot 1/(Q i F W H C H ) for the two films as a function of the microwave voltage using the measured values of Q i (at 80 mK) and C H , as well as the simulated field distributions for W H and F . At low field values, we find that the two films from different labs have K H = 3 × 10 −24 cm 3 to within 50%. We consider the agreement between the two films to be reasonable since the films' hydrogen impurity concentration near the surface may have changed after the films were grown. In contrast, a similar analysis for carbon impurities and K C shows a difference of a factor of 33 between the two films, indicating that carbon is unrelated to TLS in our experimental conditions. This provides evidence that oxide films can be optimized for low temperature devices by lowering their hydrogen concentration.
In conclusion, we measured the loss of several ALD grown dielectric oxide films at millikelvin temperatures using superconducting resonators. From the voltage dependence of the loss we find that c − BeO exhibits an amorphous distribution of TLS. In addition, we find that the TLS loss of the crystalline film, c − BeO, was higher than that of the amorphous films, a − Al 2 O 3 and a − LaAlO 3 , despite the fact that c − BeO can be a low-loss material at room temperature with high thermal conductivity at low temperatures. Using SIMS we correlated the low temperature loss with excess hydrogen defects on the surface of the amorphous films and in the bulk of the crystalline film. In a − Al 2 O 3 and a − LaAlO 3 films, the bulk loss tangent was found to be similar, but the surface loss dominated such that the loss tangent was limited by hydrogen impurities. A thickness study of a − Al 2 O 3 films confirmed that the majority of the loss was on the surface. By testing a − Al 2 O 3 with different carbon concentrations, we found that carbon has a negligible effect on TLS loss. We conclude that various low temperature oxides can be optimized via rapid room temperature measurements of hydrogen.
